Sudden oak death, caused by the invasive pathogen Phytophthora ramorum Werres, de Cock & Man in't Veld, can be deadly for Quercus agrifolia Neé (coast live oak, CLO). However, resistant trees have been observed in natural populations. The objective of this study was to examine if pre-attack (constitutive) levels of phenolic compounds can be used as biomarkers to identify trees likely to be resistant. Naïve trees were selected from a natural population and phloem was sampled for analysis of constitutive phenolics. Following P. ramorum inoculation, trees were phenotyped to determine disease susceptibility and constitutive phenolic biomarkers of resistance were identified. Seasonal variation in phloem phenolics was also assessed in a subset of non-inoculated trees. Four biomarkers, including myricitrin and three incompletely characterized flavonoids, together correctly classified 80% of trees. Biomarker levels were then used to predict survival of inoculated CLO and the proportion of resistant trees within a subset of non-inoculated trees from the same population. Levels of five phenolics were significantly affected by season, but with no pronounced variation in average levels among seasons. These results suggest that pre-infection levels of specific phenolic compounds (i.e., biomarkers) can identify trees naturally resistant to this invasive forest pathogen. Knowledge of resistant trees within natural populations may be useful for conserving and breeding resistant trees and for disease management.
Introduction
The generalist pathogen Phytophthora ramorum Werres, de Cock & Man in't Veld is an aggressive, alien-invasive oomycete that causes sudden oak death (SOD) and ramorum blight on trees and woody shrubs (Werres et al. 2001 , Rizzo et al. 2002 . Several trees in the Fagaceae family are known to be susceptible to P. ramorum infection, including Quercus agrifolia Née (CLO-coast live oak), Quercus kelloggii Newb. Rizzo et al. 2002) . A dark red or black viscous exudate, referred to as 'blood,' on the lower bole of the tree is characteristic of P. ramorum infection. Often, bleeding is accompanied by slight discoloration of the outer bark that overlies the cankers, which are primarily restricted to the inner bark (phloem) (Rizzo et al. 2002 , Dodd et al. 2008 , Grünwald et al. 2008 . Several species of ambrosia (e.g., Monarthrum scutellare LeConte and Xyleborinus saxeseni Ratzeburg) and bark beetles (e.g., Pseudopityophthorus pubipennis LeConte) have been observed preferentially attacking cankered areas on P. ramorum-infected trees, even when tree canopies appear healthy (McPherson et al. 2000 , Rizzo et al. 2002 . Beetles are believed to be attracted to kairomones (e.g., ethanol and likely other host-derived compounds) emitted from cankered regions (McPherson et al. 2008 . Beetle tunneling and the introduction of their fungal associates can weaken the structural integrity of infected trees, and may hasten tree death (McPherson et al. 2008) . Beetle presence is typically followed by the development of Annulohypoxylon thouarsianum (Lév.) Y.-M. Ju, J.D. Rogers & H.-M. Hsieh sporocarps; these and other fungi may further reduce tree survival (Rizzo et al. 2002 , McPherson et al. 2008 , 2013 .
Coast live oak is a highly susceptible, terminal host of P. ramorum (Davidson et al. 2005) , with high infection and mortality rates in some populations (Brown and Allen-Diaz 2009, McPherson et al. 2010) . Even though CLO as a species is susceptible, there is substantial evidence to indicate that a subset of trees are resistant to P. ramorum (Dodd et al. 2005 , Swiecki and Bernhardt 2005 , Nagle et al. 2011 ). Still, very few studies have examined possible mechanisms by which trees defend themselves against P. ramorum. For example, a recent study by Kasuga et al. (2016) demonstrated that some hosts can alter P. ramorum's genome and phenotype. In addition, studies focused on the chemical composition of CLO stem phloem, i.e., the tissue showing the most conspicuous symptoms of P. ramorum infection, show that phenolic profiles of healthy and cankered tissues (Ockels et al. 2007 ) and non-infected phloem from asymptomatic and susceptible trees (Nagle et al. 2011 , differ quantitatively. Therefore, metabolite profiling, a focused analysis on a subset of metabolites (Fiehn 2001) , may be a useful approach for identifying resistant CLO while also contributing to the elucidation of CLO resistance mechanisms.
In the present study, a metabolite profiling approach was used to identify chemical biomarkers of CLO resistance. Identification of biomarkers is known to be a useful and valuable tool to understand plant-pathogen interactions. Metabolites have been identified as potential biomarkers of resistance to Fusarium graminearum Schwabe in barley, in the disease known as Fusarium head blight (Bollina et al. 2010 , Kumaraswamy et al. 2011 , and in grapevine for resistance to downy mildew, powdery mildew and Botrytis (Batovska et al. 2008 , Ali et al. 2009 ). Biomarkers have also been identified for trees affected by insect pests and pathogens. For example, constitutive concentrations of selected monoterpenes were higher in white pine weevilresistant than -susceptible Sitka spruce (Hall et al. 2011) , phloem phenolic composition was used to predict Norway spruce resistance to Ceratocystis polonica, a fungus associated with the bark beetle Ips typographus (Brignolas et al. 1998) , and phenolic biomarkers were identified from mango leaf extracts that were associated with cultivars that were tolerant or susceptible to Fusarium (Augustyn et al. 2014) . Our goal for the work presented here is supported by a previous study, in which chemical fingerprinting (a less analytically sensitive approach than metabolite profiling-Fiehn 2001) was sufficient to differentiate the most resistant and most susceptible CLOs in the same population analyzed herein ).
Furthermore, putative phenolic biomarkers of CLO resistance to P. ramorum were identified in Nagle et al. (2011) and Ockels et al. (2007) , and also from the reanalysis of data in Nagle et al. (2011) by McPherson et al. (2014) . However, in all those studies the trees had already been under attack by P. ramorum, and thus the populations were not naïve. Such biomarkers included ellagic acid and one of its derivatives, several other incompletely characterized phenolic compounds, and the overall levels of phloem phenolics (Ockels et al. 2007 , Nagle et al. 2011 . There is evidence to suggest that some of these phenolics may play a direct role in CLO resistance against P. ramorum. In vitro bioassays confirmed that gallic acid, tyrosol, ellagic acid and crude soluble phenolics extract (i.e., total phenolics) independently inhibited the growth of P. ramorum in a dose-dependent manner and that total phenolics were fungicidal at in planta-relevant concentrations (Ockels et al. 2007 . While the mechanism(s) by which these compounds, and others that have yet to be identified, inhibit the growth of P. ramorum is unknown, phytosterols and tannin-enriched extracts are known to downregulate P. ramorum elicitin gene expression and reduce ELISAdetectable elicitin, respectively, and also adversely affect P. ramorum's in vitro growth and sporulation (Stong et al. 2013) . McPherson et al. (2014) reported the identification of four phenolic biomarkers of resistance from the analysis of phloem tissue collected away from P. ramorum cankers on inoculated resistant and susceptible CLO (Nagle et al. 2011) . Discrimination between resistant and susceptible individuals was based on the levels of these compounds, rather than qualitative differences (i.e., the presence or absence of certain phenolics). Since, it was not possible to determine whether or not the concentrations of these compounds were at constitutive (i.e., pre-infection) levels, the goal of the present study was to determine if constitutive concentrations of phenolic biomarkers can be used to identify resistant individuals from a naïve population of CLO. Specifically, the objectives of this study were to: (i) measure constitutive phloem phenolics in a naïve population of CLO and evaluate seasonal variation in phloem phenolic profiles; (ii) identify constitutive biomarkers of resistance and develop a model based on biomarker concentrations to predict resistance in naïve trees; and (iii) determine if CLO survival following P. ramorum infection can be predicted as a function of the concentration of those biomarkers.
Materials and methods

Plant material and resistance screening
Phloem tissue was collected prior to any inoculations from~600 apparently naïve CLO-i.e., showing no evidence that trees had been previously exposed to P. ramorum-from two sites (37°55′ 12.23″N, 122°8′8.73″W and 37°56′8.57″N, 122°7′40.46″W) within Briones Regional Park (Contra Costa Co., CA, USA), covering an area of~8 ha total . The closest trees between the two sites were separated by~1.7 km of terrain, based
Tree Physiology Online at http://www.treephys.oxfordjournals.org on Google Earth measurements (see Supplementary Figure S1 available at Tree Physiology Online for map displaying study sites). The selected areas in the park were outside the zone of infestation and there was no evidence of P. ramorum infections at the time the study was initiated. 154 trees were subsequently inoculated with P. ramorum and response phenotype was determined based on symptom expression, including external and internal canker development, 10, 14, 22, 34 and 44 months post-inoculation (see Supplementary Figure S2 available at Tree Physiology Online for plot showing the correlation between external canker and subcortical lesion lengths). All inoculated trees were susceptible to P. ramorum, i.e., all trees showed some symptoms of infection (e.g., bleeding) 10 months post-inoculation. However, within 2 years (22 months) of inoculation, some trees were in remission (most resistant), some continued to show active symptoms of P. ramorum infection and others had died (most susceptible). Subsequently, trees were classified as: (i) most resistant-i.e., in remission, trees once showed symptoms of infection (e.g., bleeding exudate) but appeared to recover (no longer appeared to bleed and showed no additional symptoms of infection); (ii) intermediate-i.e., symptomatic but alive; trees continued to show symptoms of infection such as bleeding, presence of beetles (in many but not all cases) within cankered regions, and with or without the presence of Annulohypoxylon (observed only following inoculation with P. ramorum and consistently associated with trees that were also attacked by beetles around cankered regions); or (iii) most susceptible-i.e., symptomatic and dead; trees succumbed to the disease (died) as a result of P. ramorum infection, consistently preceded by beetle attacks. A similar classification system was also used in Conrad et al. (2014) , but group names and descriptions have been modified slightly to more accurately reflect differences between groups. A thorough description of sample collection and inoculation methods can be found in Conrad et al. (2014) . In brief, each tree was inoculated twice at breast height with a single isolate of P. ramorum, which originated from an infected Umbellularia californica (Hook. & Arn.) Nutt. (California bay laurel) in Contra Costa Co., close to the Briones study sites (inoculum generously provided by Dr David Rizzo, UC Davis). While inoculating in this manner bypasses passive physical defenses, such as the outer bark, under bark inoculation with mycelial plugs provides an efficient and reliable method for assessing relative susceptibility of CLO to P. ramorum (e.g., Rizzo et al. 2002) .
For identification of phenolic biomarkers of resistance, two phloem samples from each tree were collected using a cordless drill equipped with a 1.9 cm diameter auger bit, and pooled in July 2010, just prior to inoculating these trees with P. ramorum ; tissue samples were then placed on dry ice, and were frozen once returned to the laboratory. Only tissue samples collected from trees that were eventually classified as most resistant or most susceptible 22 months post-inoculation were used to characterize biomarkers. For survival analysis, tissue samples collected from trees that were eventually classified as most resistant or most susceptible 44 months following inoculation were used, in order to include more time points and a larger sample size (see Table 1 for a detailed study timeline). A subset of non-inoculated trees (N = 103), including trees that subsequently showed symptoms of natural infection, was selected to quantify the amounts of constitutive phenolic biomarkers in those samples and predict tree resistance, since a validation data set was not available due to an insufficient number of most resistant and most susceptible trees 22 months post-inoculation. Phloem was also collected from 14 healthy (i.e., apparently asymptomatic) CLO at the Bear Creek staging area at Briones Regional Park to examine seasonal (intra-annual) variation in CLO phloem phenolics. Bear Creek trees were sampled four times: 7 December 2010, 14 April 2011, 18 July 2011 and 3 November 2011, using the aforementioned phloem collection method.
High performance liquid chromatography and mass spectrometry analysis, and data processing Two phloem samples from each tree were pooled and finely ground in liquid nitrogen, and 100 ± 2 mg fresh weight (FW) were extracted twice with 500 μl high performance liquid chromatography (HPLC) grade methanol at 4°C for~24 h (Nagle et al. 2011 ). Extracts were pooled and stored at −20°C until analysis. Pooled extracts were briefly centrifuged to remove residual particulate matter, and then analyzed with a Waters 2690 HPLC equipped with an auto sampler (Waters, Milford, MA, USA), with samples held at 4°C. Of note, 10 μl of each extract was then injected into a Thermo Scientific 250 × 4.6 mm, 5 μm, C-18 reverse phase column at 40°C. Samples were separated using a water/methanol solvent gradient adapted from Nagle et al. (2011) were performed using Empower Pro software (Waters). Wavelengths of 280 and 370 nm were used to aid in peak selection. Many phenolic compounds are visible at the 280 nm wavelength, while the 370 nm wavelength is used to detect compounds that may be obscured by the tannin hump observed at 280 nm (Nagle et al. 2011) . The minimum peak area detection threshold was 24,464 AU for 280 nm and 1609 AU for 370 nm. Thresholds were selected based on the smallest area of peaks of interest compared to background noise at each wavelength. For analysis of seasonal phenolic compounds, separation, identification and relative quantification were performed using ultra performance liquid chromatography (UPLC). The separation method was derived from the HPLC method listed above. Instrument parameters and separation method can be found in the Supplementary Data available at Tree Physiology Online. Phenolic biomarkers of resistance were putatively identified using a Varian 500 HPLC-ion trap mass spectrometer (Varian Inc., Palo Alto, CA, USA) with electrospray ionization in negative ion mode. Representative samples were analyzed with full scan and TurboDDS (i.e., MSn) modes, using the same separation method as described above with three exceptions: flow rate was reduced to 0.9 ml min −1 throughout the entire run, percentage of acetic acid was reduced to 0.1% (v/v) and the run time was extended to 50 min (Conrad 2015) . For analysis using full scan mode, enhanced scan mode was used, with scanning from 50 to 1000 m/z. The capillary voltage was 80.0 V, and the needle voltage was −5000 V. For analysis using TurboDDS, enhanced scan mode was used, scanning between 50 and 1000 m/z. The capillary voltage was 80.0 V, the needle voltage was −5000 V, the nebulizer gas (compressed air) pressure was set to 172.4 kPa and the drying gas (nitrogen) pressure was set to 103.4 kPa with a drying gas temperature of 350°C. The MSn was 4, with threshold counts at 5000 for MS 2 , 500 for MS 3 and 50 for MS 4 . Instrument parameters were selected based on Whitehill et al. (2012) .
To confirm that fragmentation patterns were associated with biomarkers, fractions containing each unknown biomarker were collected using a Waters Fraction Collector II connected to the Waters 2690 HPLC described above. For fraction collection, injection volume was increased to 20 μl; all other parameters remained unchanged. Fractions were pooled for each biomarker and concentrated using an Eppendorf Vacufuge (Eppendorf North American, Inc., Westbury, NY, USA). Concentrated fractions were then subjected to HPLC analysis to confirm biomarker presence based on peak retention time and UV absorbance. After confirming peak presence in the concentrated fraction, fractions were diluted (1:10) with methanol and directly infused into an AB SCIEX QTRAP 5500 mass spectrometer (AB SCIEX, Framingham, MA, USA) at a flow rate of 7 μl min −1 at the Targeted Metabolomics Laboratory at
The Ohio State University, Columbus, OH, USA. Putative identities from mass spectrometry (MS) analysis were confirmed by spiking samples with commercially available standards, when available. Peaks of interest (at 370 nm) were quantified from HPLC-PDA analysis in ellagic acid equivalents using a three-point calibration curve, with concentrations ranging from 0.01 to 1.0 mg ml
, for calculating logistic regression (LR) and survival model coefficients, and a five-point calibration curve, with concentrations ranging from 0.0005 to 1.0 mg ml
, for quantifying biomarkers in noninoculated trees. Ellagic acid was used for relative quantification of biomarkers because, at the time samples were analyzed, none of the biomarkers had yet been identified and the same compound, which is also visible at 370 nm, was previously associated with CLO defense against P. ramorum.
Statistical analysis
Constitutive phenolic biomarkers Peak area units at 280 and 370 nm were normalized to have a zero mean for each phenolic. Then, a multi-faceted approach was utilized to identify constitutive phenolic biomarkers in CLO (Table 2) . Using the methods of McPherson et al. (2014) , sparse linear discriminant analysis (SLDA) was used to identify 15 soluble phenolic peaks that were most important for discriminating between the most resistant (n = 24) and the most susceptible (n = 31) trees classified in 2012 (Package: 'sparseLDA', R Development Core Team 2013). Sparse linear discriminant analysis is a supervised technique which classifies samples based on measured characteristics of each sample (in this case phenolic levels), incorporating dimension reduction, and is appropriate for relatively small sample sizes (Shao et al. 2011 . In certain biological samples, individual peaks could not be quantified because they were not present or below detection thresholds. In these instances, the minimum peak area threshold was used in lieu of a zero.
Untransformed peak areas, from the 15 peaks selected by SLDA, were then subjected to backwards stepwise LR analysis using the likelihood ratio method (IBM SPSS Statistics 22). The final model was selected based on the following criteria: results of Hosmer and Lemeshow test (goodness of fit test; only nonTree Physiology Online at http://www.treephys.oxfordjournals.org significant models were considered), number of model predictors (to maximize parsimony) and accurate prediction of cases (Hosmer and Lemeshow 2000) . The linearity assumption was then tested for each of the predictors selected for the final LR model, and the relationships between biomarker concentrations were assessed using scatterplots. Model coefficients were calculated using the concentration of selected peaks in ellagic acid equivalents (mg g −1 FW). The general LR model was as follows: where the probability P R of being resistant (belonging to the most resistant group) is 1 and i phenolic compounds can be used as predictor variables in the model . After biomarkers were identified, we included stem diameter at breast height (DBH) as an additional predictor variable within the LR model to assess whether or not the accuracy of model predictions improved, since larger trees seem more likely to be infected in nature. We found that DBH was not a significant predictor, and was thus excluded from the final model. A non-parametric receiver operating characteristic (ROC) curve was used to evaluate the classification performance of the final LR model and to test whether or not predicted probabilities were better than those from chance alone (IBM SPSS Statistics 22). An ROC curve can be used to determine the probability cut-off that optimizes specificity and sensitivity, where sensitivity is the proportion of resistant cases correctly classified as resistant and specificity is the proportion of susceptible cases that are correctly classified as susceptible. An ROC curve is a plot of the sensitivity versus [1-specificity], the latter being the proportion of susceptible cases that were incorrectly classified as resistant, i.e., false-positive proportions (Hosmer and Lemeshow 2000, Hughes and Madden 2003 ). An ROC curve was also used to optimize the probability cut-off of the final LR model. The final LR model with optimized probability cut-off threshold was then used to estimate the probability of resistance for each non-inoculated CLO selected for constitutive phenolic analysis, since a true testing set could not be used for model validation due to an insufficient number of most resistant and most susceptible trees.
Finally, the relationship between each phenolic biomarker and susceptibility to P. ramorum was tested. In this case, susceptibility was assessed based on external length (the mean of two external cankers on each tree), since resistant trees are defined as having shorter external canker lengths than susceptible trees ). Spearman's rankorder correlation analysis was used to ascertain the level of association between external canker length measured 10 months post-inoculation and the constitutive concentration of each biomarker (IBM SPSS Statistics 22). Correlations with P ≤ 0.05 were considered significant.
Constitutive phenolic biomarkers and survival Since those trees that survive the longest (or have the highest predicted probability of survival) following infection are often the most resistant , the constitutive concentration of phenolic biomarkers identified by SLDA and LR were used as covariates in two different survival analyses. Mortality was assessed 10, 14, 22, 34 and 44 months following inoculation for all trees classified as most resistant (n = 37) and most susceptible (n = 62) in 2014 (44 months post-inoculation).
A censored Weibull survival analysis (parametric model) was used to estimate future CLO survival as a function of the concentration of phenolic biomarkers; DBH was excluded from the final model because it was found not to be a significant predictor variable based on preliminary analysis (Package 'survival', R Development Core Team 2013). The Weibull model allowed for survival to be estimated into the future, beyond the 44 months study period (Lee and Wang 2003, McPherson et al. 2005 ). However, a relatively short study length and the relatively small number of time points from which observational data were collected (i.e., high censoring) may limit the accurate modeling of survival using the Weibull function. Therefore, we also used a Cox proportional hazards (PH) model (semi-parametric model) to determine if phenolic biomarkers were significant predictors of survival within the context of the study period (IBM SPSS Statistics 22). For both models, overall model significance was assessed using a χ 2 test. Both Weibull and Cox PH analyses allow for the inclusion of censored cases (i.e., cases where trees are still alive) and can be used to estimate survival in new cases, given that variables used as predictors have been measured.
Seasonal variation in phloem phenolic compounds Seasonal variation in the amount of each phenolic compound identified in Bear Creek CLO and total phenolics at 280 and 370 nm (normalized to the internal standard butylated hydroxyanisole, BHA) was assessed using a repeated measures general linear model (ANOVA) with least significant difference test for pairwise Table 2 . Statistical pipeline for the identification of phenolic biomarkers of resistance, i.e., compounds that allow the discrimination of most resistant (R) and most susceptible (S) trees.
Statistical pipeline Purpose
Step comparisons. Season was the within-subjects factor. The ShapiroWilk test was used to assess normality of the data, and Mauchly's test of sphericity was used to test the assumption of sphericity. Individual phenolic peak data violating the assumption of normality were analyzed using the non-parametric repeated measures ANOVA alternative, Friedman test, while the significance of data that failed Mauchly's test of sphericity was assessed using the Greenhouse-Geisser degrees of freedom correction. All analyses were performed using IBM Statistics SPSS 21 and 22.
Results
Constitutive phenolic biomarkers
Using SLDA, the top 15 HPLC peaks discriminating between most resistant and most susceptible trees were selected from 33 total peaks detected at 280 and 370 nm and the sum of all phenolics (total phenolics) at 280 and 370 nm, respectively. Peaks selected by SLDA included: tyrosol, ellagic acid, tyrosol glycoside, myricitrin, six unknown phenolics detected at 370 nm, and five unknown catechin-like compounds detected at 280 nm (compounds categorized based on spectral similarity to authentic catechin standard). The most accurate and parsimonious backwards stepwise LR model included four compounds as predictor variables (i.e., biomarkers of resistance): myricitrin (M) and three incompletely characterized flavonoids detected at 370 nm (UNK1, UNK2 and UNK3) (see Table 3 for retention time, UV absorbance and MS fragmentation patterns of selected biomarkers; see Supplementary Figure S3 available at Tree Physiology Online for a labeled chromatogram). Since all predictor variables, i.e., phenolic compounds, were detected at 370 nm, LR model coefficients were calculated in ellagic acid equivalents (mg g −1 FW) (a commercially available analytical standard which can be detected at 370 nm) ( Table 4) . The LR equation is as follows: where the probability of being most resistant, P R , ranges from 1 (trees are most resistant) to 0 (trees are most susceptible). Greater constitutive concentrations of UNK1 and UNK3 were associated with a higher probability of resistance (coefficients for UNK1 and UNK3 were positive), while greater constitutive concentrations of UNK2 and myricitrin were associated with a higher probability of susceptibility (negative coefficients for UNK2 and myricitrin).
Using an ROC curve (Figure 1 ), the probability cutoff that optimized specificity and sensitivity was determined. Trees with P R > 0.46 (determined using Eq. (2)) were classified as most resistant, while trees with a probability less than the 0.46 cutoff were classified as most susceptible. The ROC curve also confirmed that predicted probabilities from the model were better than those from chance alone (area under curve = 0.847, SE = 0.054, P < 0.001). Overall, the model was a good fit Table 3 . Chromatographic and mass spectral (MS) characteristics of phenolic biomarkers of resistance. Direct infusion of concentrated fractions containing each unknown biomarker was used to confirm fragmentation patterns. All MS data were obtained in negative ion mode. Bolded numbers indicate ions that were subjected to further fragmentation, where one or more daughter fragment ions were detected. See Supplementary Figure S3 Figure 1 . The ROC curve, generated from predicted probabilities and actual tree classification, indicates that predicted probabilities from the LR model (Eq. (2)) are better than those from chance alone (area under curve = 0.847, SE = 0.054, P < 0.001). Sensitivity is the proportion of resistant trees correctly classified, and 1-specificity is the proportion of susceptible trees incorrectly classified as resistant. Sensitivity (horizontal dashed line) and 1-specificity (vertical dashed line) are optimized when P R = 0.46. When P R > 0.46 (determined using Eq. (2)), a tree is classified as resistant.
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Hosmer and Lemeshow test, χ 2 = 4.93, df = 7, P = 0.668) with 80% of trees (N = 55) correctly classified as either most resistant or most susceptible. Of note, 79.2% of most resistant trees (n = 24) were correctly classified by the model, while only 19.4% of susceptible trees (n = 31) were misclassified as most resistant. The proportion of resistant trees in a subset of non-inoculated CLO (N = 103) at Briones Regional Park was estimated using Eq. (2), the optimized P R cutoff of 0.46 and constitutive concentrations of phenolic biomarkers quantified in ellagic acid equivalents. Of those non-inoculated trees sampled, 20% are predicted to be most resistant to P. ramorum based on constitutive concentrations of phenolic biomarkers. In August 2016 (~6 years after monitoring began), 7 of the 103 non-inoculated trees analyzed showed possible symptoms of natural P. ramorum infection, e.g., bleeding exudate, though presence of the pathogen was not confirmed using molecular or morphological techniques. Six of the seven trees were predicted to be most susceptible (P R < 0.46) based on Eq. (2), though none of these trees has shown (as of 2016) additional symptoms of SOD, e.g., presence of beetles or A. thouarsianum fruiting bodies, or died as a result of the apparent P. ramorum infection.
Spearman's rank correlation analysis revealed that constitutive concentrations of three of the four phenolic biomarkers were significantly correlated with external canker length, a measure of CLO susceptibility to P. ramorum (see Figure 2 for mean external canker lengths of most resistant and most susceptible CLO). UNK1 and UNK3 were negatively correlated with canker length, so higher concentrations of UNK1 and UNK3 were associated with more resistant CLO (i.e., smaller external canker lengths). UNK2 was positively correlated with canker length; greater concentrations of UNK2 were associated with more susceptible CLO (i.e., larger external canker lengths). While myricitrin was identified as a biomarker of resistance, there was not a significant relationship between its constitutive concentration and susceptibility of infected CLOs based on external canker length (Table 5) .
Constitutive phenolic biomarkers and survival
Constitutive concentrations of the four phenolic biomarkers were significant predictors of survival for CLOs following infection with P. ramorum, though to different degrees depending on which model was used (χ 2 Weibull = 10.5, df Weibull = 4, P Weibull = 0.033; χ 2 CoxPH = 8.1, df CoxPH = 4, P CoxPH = 0.087) ( Table 6 ). Higher concentrations of UNK2 and myricitrin were associated with shorter survival times (Weibull model) and increased hazard, i.e., likelihood of mortality, following P. ramorum inoculation (Cox PH).
Using in planta constitutive concentrations of phenolic biomarkers from CLO of varying susceptibility to P. ramorum (susceptibility quantified by external canker length) the median survival time of the most extreme trees in the study (including the two trees with the smallest and the largest external canker length) was estimated using the Weibull model (Table 7, Figure 3) . (12), 22 months post-inoculation (n R12 = 24, n S12 = 31), and in 2014 (14), 44 months post-inoculation (n R14 = 37, n S14 = 62). By 2014, the difference between the mean external canker length of most resistant and most susceptible CLO becomes slightly less pronounced as intermediate CLO from 2012 go into remission (most resistant) or die (most susceptible). Trees classified as most resistant and most susceptible in 2012 are also included in the most resistant and most susceptible groups, respectively, in 2014, with one exception: one tree classified as most resistant in 2012 began to bleed again in 2014, and was excluded from the survival analyses. Table 5 . Association between the concentration of each phenolic biomarker of resistance and CLO susceptibility to P. ramorum, based on external canker length measured 10 months post-inoculation (Spearman's rank-order correlation test) (N = 55). Based solely on the Weibull model with biomarkers as predictor variables, the median survival time for the tree with the smallest external canker length in the study was estimated to be~1 year longer than the tree with the largest external canker length in the study. The association of biomarkers with CLO survival was also examined using the Cox PH model. Following inoculation trees were 23.7 times more likely to die within the 44 month study period, for every 0.1 mg g −1 FW increase in the constitutive concentration of myricitrin (Cox PH model, Exp(B) = 237.2, 95% CI = 1.9-30,292.4), when all other variables are kept constant.
Seasonal variation in CLO phloem phenolics
A total of 28 phenolic peaks were detected in CLO from the Bear Creek staging area using UPLC-PDA analysis. The levels of each phenolic peak and total phenolics at 280 and 370 nm (normalized to the internal standard BHA) were compared within 1 year, at four different times from December 2010 to November 2011 for 11 of the 14 trees (three trees had to be excluded due to missing data at one of the time points). When normality was not assumed, the non-parametric repeated measures GLM alternative, the Friedman test was used. Five phenolic peaks out of 28 total peaks measured, i.e., P8, P19, P22, P24 and P28 (putatively identified as UNK3, based on retention time and spectral properties), were significantly affected by the season in which the tissues that contained them were collected (Supplementary Table S1 available at Tree Physiology Online).
Discussion
This study confirms that constitutive concentrations of phenolic biomarkers can be used to predict resistance of naïve CLO to P. ramorum, corroborating the findings of McPherson et al. (2014) and the results of a previous study we published that used Fourier-transform infrared spectroscopy (FT-IR), combined with chemometric analysis, to discriminate between the same group of CLO that were used for biomarker identification herein (i.e., most resistant and most susceptible CLO in 2012) . Four phenolic compounds, UNK1, UNK2, UNK3 and myricitrin, together correctly classified 80% of resistant and susceptible trees from our sampling sites at Briones. Although the model could not be validated using a testing set due to a relatively small sample size, the high percentage of correctly classified trees, in combination with a significant area under the ROC curve, support the hypothesis that constitutive concentrations of phenolic biomarkers can be used to identify resistant CLO, at least in our study area. This hypothesis is further supported by the results of the FT-IR study, which found that two regions within the mid-infrared spectrum, containing peaks corresponding primarily to carbonyl groups (common moieties of many phenolics), could be used to discriminate between trees classified as most resistant and most susceptible in 2012 . In addition, the proportion of noninoculated trees predicted to be resistant, i.e., 20% (N = 103), falls between the actual proportion of resistant trees based on artificial inoculation with P. ramorum at the Briones site observed in 2012 (16%) and 2014 (25%) (N = 153) (Conrad AO, McPherson BA, D'Amico K, Wood DL, Bonello P., unpublished) . At this time it is not possible to assess the accuracy of the LR model, since validation relies on natural infection and disease progression in control trees. However, six of the seven (of the 103) non-inoculated trees that were symptomatic~6 years after Figure 3 . Weibull survival models based on in planta concentrations of phenolic biomarkers in Briones CLO with varying susceptibility to P. ramorum based on canker length measured 10 months following P. ramorum infection (see Table 7 for values): (A) tree with smallest external canker length in 2011 and (B) tree with largest external canker length in 2011. Dashed lines indicate 95% confidence intervals. Table 7 . Concentrations of phenolic biomarkers (mg g −1 FW, in ellagic acid equivalents) used to estimate median survival in months (95% confidence interval) using the Weibull model for the most resistant (R) and the most susceptible (S) tree in the study based on external canker length. monitoring began were predicted to be most susceptible using the LR model. Lastly, phloem phenolic compounds appear to be ideal biomarkers for CLO resistance because levels of most phenolic compounds were not impacted by tree phenology. P28, which likely corresponds to UNK3, changed seasonally, but the variation was relatively small. This is important, since a necessary condition for biomarkers to be useful is that they display little environmental and population variation (Steinfath et al. 2010) . Furthermore, biomarkers will need to be validated in CLO populations outside of Briones, in order to determine their utility across the broader distribution of CLO. Coast live oak that survive the longest are likely those that are more resistant to P. ramorum infection, when compared with trees that die shortly after infection. For this reason, we also assessed whether tree survival following artificial inoculation with P. ramorum could be predicted as a function of constitutive biomarker concentrations. A significant relationship between the concentration of phenolic biomarkers and survival corroborated the results of our LR analysis. While we were also able to estimate future survival using the Weibull model, these estimates are limited to our observations in our study area. Furthermore, removal of the outer bark overlaying cankered regions (in order to measure subcortical lesion lengths) may have interfered with natural disease progression, and therefore by no means are our estimates applicable to CLO in other populations and/or under conditions where trees become infected naturally. The estimates are also likely not proportionally accurate, as the difference in predicted survival between the most resistant and most susceptible CLO was only~1 year. In reality, resistant trees are defined in part by their persistence, i.e., longevity following infection with P. ramorum (e.g., McPherson et al. 2010 , Nagle et al. 2011 ). This discrepancy is likely due to a variety of factors, such as the relatively short study length and exclusion of factors that can only be measured after infection, e.g., the presence or absence of beetles. These factors were deliberately excluded since the focus of the study was only on using pre-infection chemistry to predict resistance. We found that, in combination and regardless of model (Cox PH and Weibull), concentrations of all four biomarkers could be used to predict CLO survival at P < 0.1. For both UNK2 and myricitrin, tree survival was lower with higher concentrations of each compound. This is consistent with the finding that both compounds were associated with a higher probability of susceptibility in the LR resistance model (Eq. (2)).
Even though we found biomarkers to be significant predictors of tree resistance, this does not necessarily imply that they inhibit or facilitate P. ramorum growth in planta (Fiehn 2001) . In fact, multiple interacting mechanisms likely contribute to CLO resistance in the landscape, as data suggest that CLO susceptibility is controlled by multiple genes (Dodd et al. 2005) . Therefore, the relationship between biomarker concentration and CLO external canker length, another measure of tree resistance (Gordon et al. 1998 , was assessed using Spearman's rank correlation analysis to support the associations observed in the LR resistance model. Concentrations of three of the four biomarkers identified in this study, UNK1, UNK2 and UNK3, were significantly correlated with canker length. While the concentration of myricitrin was not significantly associated with canker length, variation in myricitrin levels may be associated with other physiological processes involved in CLO defense against P. ramorum that were not addressed, observed or measured in this study. Based on the retention time, spectra and similarity of these compounds to commercially available standards, including, but not limited to, quercetin, kaempferol and myricitrin, and the fact that one of the phenolic biomarkers was identified as the flavonoid myricitrin, it is probable that the remaining three biomarkers are also flavonoids. Flavonoids play important roles in plant defense responses in many pathosystems. For example, flavonoids from geranium are known pro-oxidants, generating reactive oxygen species or inhibiting the antioxidant activity of other, potentially phytotoxic compounds (Tuominen 2013) . However, extracts from Eucalyptus known to contain flavonoids also possess antioxidant activity, which can protect plants from damaging free radicals produced by pathogens (Okamura et al. 1993, Witzell and Martin 2008) . While prooxidant or antioxidant activity is context specific (e.g., environmental conditions like pH may alter the oxidative activity of certain compounds), the capacity to affect oxidation has been implicated as a defense in many different plant systems (Appel 1993 , Barbehenn et al. 2006 . The findings in Geranium sylvaticum L. are particularly relevant because G. sylvaticum contains a suite of phytochemical classes that overlap with those found in oak, including, but not limited to, ellagitannins, proanthocyanidins, gallotannins and flavonoids (Salminen et al. 2004 , Tuominen 2013 .
In addition to possessing oxidative activity, flavonoids have been shown to inhibit the growth of some microbes in vitro, including the plant pathogen Verticillium dahliae Kleb. (Báidez et al. 2007 ). Thus, flavonoids may be important in both constitutive and induced plant defense responses in trees. Genes related to flavonoid biosynthesis were induced in poplar following infection by the rust, Melampsora medusae (Miranda et al. 2007 ). In the present study, two biomarkers, UNK1 and UNK3, were positively associated with CLO resistance. However, the converse may also be true, depending on the specific phenolic compound. Significant differences in the enrichment of transcripts related to constitutive flavonoid biosynthesis in Q. robur were found between trees resistant and susceptible to the oak leaf roller, Tortrix viridana, and greater constitutive flavonoid gene expression was observed in susceptible trees (Kersten et al. 2013) . Likewise, UNK2 and myricitrin were associated with CLO susceptibility (increased concentrations were associated with a lower probability of resistance and a greater risk of mortality), though the concentration of myricitrin was not significantly correlated with CLO canker length. This is not inconsistent with other reports of myricitrin in the literature. UV-B-stressed poplar leaves contained higher concentrations of myricitrin-3-galactoside and were more susceptible to winter moth larval feeding compared with non-stressed leaves (Lavola et al. 1998) . However, an artificial diet amended with myricitrin (and the flavonoid-glycoside quercitrin) did not stimulate larval feeding in vitro, but decreased feeding at the highest concentration tested (Lavola et al. 1998) . In another study, myricetin glycosides (myricetin is the aglycone of myricitrin) from plant extracts were easily oxidized at a high pH (Vihakas et al. 2014) . The oxidative (e.g., pro-oxidant and antioxidant) activity of phenolic compounds may contribute to their ecological function, since the mode of action of phenolic compounds in many cases requires oxidative activation resulting in the formation of toxins and oxygen radicals (Appel 1993) . A comprehensive functional analysis would be needed to determine probable mechanisms by which these compounds operate in CLO defense against P. ramorum, and also to determine what other mechanisms may be contributing to CLO resistance against P. ramorum.
The SOD epidemic shows no signs of fading anytime soon, as the disease continues to spread uncontrollably within the native range of CLO (Cunniffe et al. 2016) . The identification of phenolic biomarkers of resistance, in combination with the development of statistical and predictive models that identify resistant trees as a function of the constitutive concentration of biomarkers, may be a useful tool for the management of SOD in forests on the edge of the outbreak or where naïve hosts are found. Identifying resistant trees using biomarkers provides an alternative to traditional, inoculation-based methods. Inoculations are timeintensive and may sacrifice trees that might otherwise not become infected. Finally, where applicable, biomarkers or other comparable methods for screening or phenotyping trees for disease susceptibility (such as FT-IR spectroscopy or UPLC-MS) should be incorporated into conservation and breeding efforts aimed at identifying, producing and preserving resistant trees, and protecting them from habitat destruction, fire or other forms of disturbance.
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